Introduction {#S0001}
============

Air pollution is a mixture of solid particles and gases in the air. The six common and harmful air pollutants are particulate matter, ground-level ozone, carbon monoxide, sulfur oxides, nitrogen oxides, and lead; of these, particle pollution and ground-level ozone are the most widespread health threats \[[@CIT0001], [@CIT0002]\]. Because of their importance, a brief summary about these common pollutants, also known as criteria air pollutants, is provided here: particulate matter or PM consists of a heterogeneous mixture of very small particles and liquid droplets suspended in air. The size of particles in PM is directly linked to their potential to cause health problems. Particles with diameter ≤ 10 µm are the particles that generally pass through the throat and nose and enter the lungs. Then, they can affect various body organs, especially the heart and lungs, and may cause serious health effects. Based on particle size, particle pollution is grouped into: a) "inhalable coarse particles" which have a diameter of 2.5 µm to 10 µm, and are found near roadways and industries, and b) "fine particles"\<2.5 µm in diameter such as those found in smoke and haze; they can form when gases emitted from power plants, industries and automobiles react in the air. Ozone (O~3~) is a gas composed of three oxygen atoms. In the presence of sunlight, it is created at ground level by a chemical reaction between oxides of nitrogen and volatile organic compounds. Ozone might have harmful effects when formed in the earth\'s lower atmosphere, i.e. at ground level. Hot weather and sunlight cause ground-level ozone to form in harmful concentrations in the air. Carbon monoxide (CO) is an odourless, colourless gas formed by incomplete carbon combustion. It is mainly emitted from motor vehicle exhaust, followed by non-road engines such as construction equipment, industrial processes and wood burning. The increasing number of cars has an important role in the increase in CO emission worldwide. Sulfur dioxide (SO~2~) is a gas formed when fuel containing sulfur, such as coal and oil, is burned, and when gasoline is extracted from oil or metals are extracted from ore. Nitrogen oxides (NO~x~) are a group of highly reactive gases containing various levels of nitrogen and oxygen. Lead is usually emitted from motor vehicles and industrial sources \[[@CIT0002], [@CIT0003]\]. Other stationary sources are waste incinerators, utilities, and lead-acid battery manufacturers. In addition to exposure to lead in air, other major exposure pathways include ingestion of lead in drinking water and lead-contaminated food as well as incidental ingestion of lead-contaminated soil and dust. Lead-based paint remains a major exposure pathway in older homes. Some toys might contain considerable amounts of lead that would be harmful for children\'s health \[[@CIT0001], [@CIT0004]\].

Two types of air quality standards are considered: *primary standards* set limits to protect public health, including the health of "sensitive" populations such as asthmatics, children, and the elderly. *Secondary standards* set limits to protect public welfare, including protection against decreased visibility, damage to animals, crops, vegetation, and buildings. Numerous scientific studies have linked particle pollution exposure to a variety of health problems, including: increased respiratory symptoms, such as irritation of the airways, cough, difficult breathing, decreased lung function, trigger of asthma, chronic bronchitis, arrhythmias, heart attacks, premature death in people with cardiovascular or respiratory diseases, cough, dyspnoea, wheezing and chronic lung diseases. Carbon monoxide reduces oxygen delivery to the body\'s organs, and cardiovascular patients might experience its most serious effects. In addition, it may cause vision problems, reduced ability to work or learn and difficulty in performing complex tasks. At extremely high levels, CO is poisonous and can cause death. In addition, CO contributes to the formation of smog and its consequent respiratory problems. Sulfur dioxide can cause breathing difficulty for asthmatic patients. Longer-term exposure to high levels of Sulfur dioxide gas and particles may be carcinogenic and may cause respiratory disorders and aggravate cardiovascular diseases; it may also cause eye burning and headache. Sulfur dioxide and nitrogen oxides react with other substances in the air to form acids, which fall to earth as rain, fog, snow, or dry particles. Nitric dioxide (NO~2~) can cause lung irritation, viral infection, airway resistance and chest tightness \[[@CIT0003], [@CIT0004]\].

Lead is distributed throughout the body in the blood and is accumulated in the bones. The most common effects of lead exposure are neurological effects in children and cardiovascular effects in adults. Infants and young children are especially sensitive to even low levels of lead, which may contribute to behavioural problems, learning deficits and lowered intelligence quotient (IQ). Infants and children are among the most susceptible age groups for air pollutants, because children may have greater exposure than adults to air pollutants. Infants and children have higher respiratory rates than adults, which would increase their exposure to air pollutants. Mouth breathing is more prevalent in infants and children than in adults; hence they bypass the filtering effect of the nose, and consequently they would inhale higher levels of pollutants than adults. Children generally spend significantly more time outdoors than adults, especially during summer time when smog levels are the highest. In addition, children\'s immune systems and developing organs are still immature \[[@CIT0005]\].

Air pollution might have various adverse effects on children\'s health; some of the most important effects include perinatal effects, infant mortality, respiratory disorders, allergy, malignancies, cardiovascular disorders, increase in oxidative stress, endothelial dysfunction, mental disorders and vitamin D deficiency \[[@CIT0006]\]. However, so far several studies and most information given to health professionals as well as to communities have focused on short-term respiratory effects of air pollution on children\'s health. In this review, we provide a summary of studies conducted on non-respiratory effects of air pollution on children\'s health to draw more attention to the wide range of hazards of air pollution from early life, and their possible implications for chronic non-communicable diseases of adulthood.

Search strategy {#S0002}
===============

Electronic databases used for a search of the literature to find relevant studies were as follows:Ovid MEDLINE(R) (1978 to 2008 with weekly update),Ovid MEDLINE(R) in process and other non-indexed citations (2008),AMED (Allied and Complementary Medicine) (1988 to 2008),CINAHL (Cumulative Index to Nursing and Allied Health Literature) (1988 to 2008),EMBASE (1980 to 2008),CAB Abstracts (1978 to 2008),Global Health (1978 to 2008).

The following search terms were used: air pollution, air pollutants, infants, children, adolescents, and youths. In a secondary search, we used terms related to health problems including abnormal development (low birth weight, preterm birth, prematurity, intrauterine growth restriction, congenital defects, intrauterine and infant mortality, malignancy, cancer, development, behavioural problems, neurocognitive decrements, etc).

Data on study design and location, air pollutants, confounding factors, health outcomes measured, and study results were extracted from the selected studies. Relevant articles cited by selected publications were also included.

Search results {#S0003}
==============

Studies varied by design, study location, age group of study subjects, study duration and type of health outcomes studied. Some studies were cross-sectional, some had a case-control design, and the most relevant studies used time-series analysis to investigate associations between daily variations in air pollutants and variations in health outcomes.

The most prominent health hazards are summarized in [Tables I](#T0001){ref-type="table"}--[V](#T0005){ref-type="table"}.

###### 

Summary of studies assessing the perinatal effects of criteria air pollutants

  Reference (1)                              Location (2)                          Population studied (3)                                                                                                                                                    Aims (4)                                                                                                                                                          Findings (5)
  ------------------------------------------ ------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Zeka *et al*., 2008 \[[@CIT0034]\]         Eastern Massachusetts, USA            All singleton births                                                                                                                                                      To examine the association between indicators of traffic, land use, individual and area-based socioeconomic measures, and birth outcomes                          Greater risk of reduced birth weight associated with traffic exposures
  Suh *et al*., 2008 \[[@CIT0035]\]          Seoul, Korea                          Birth data obtained from the National Statistical Office (*n*=374,167) (1998--2000)                                                                                       To determine whether the preterm risks due to PM10 exposure vary with the exposure periods during pregnancy                                                       Effect of PM10 exposure prior to the 37 weeks of the gestational period on the risk of premature birth was stronger than after that. The hazard ratios for preterm delivery associated with PM10 exposure in the first and third trimester were slightly higher than those of the second trimester
  Parker *et al*., 2008 \[[@CIT0036]\]       Utah, USA                             All pregnant mothers in Utah                                                                                                                                              To compare birth outcomes for Utah mothers within and outside the Utah Valley, before, during, and after the steel mill closure                                   Mothers who were pregnant around the time of the closure of the mill were less likely to deliver prematurely than mothers who were pregnant before or after; effects were strongest for exposure during the second trimester
  Stillerman *et al*., 2008 \[[@CIT0037]\]   Review                                PubMed search (1995--2006)                                                                                                                                                To better understand the science linking environmental contaminant exposures with adverse pregnancy outcomes                                                      Environmental tobacco smoke is a risk factor for reduced birth weight and preterm delivery. Outdoor air pollution is associated with reduced term birth weight and preterm delivery
  Choi *et al*., 2008 \[[@CIT0038]\]         New York, USA                         Mother-newborn pairs (*n*=616) African-American (*n*=224) and Dominican (*n*=392)                                                                                         To determine the effect of prenatal exposure to air pollution on increasing the risk of low birth weight and preterm delivery                                     Prenatal exposure to polycyclic aromatic hydrocarbons is likely to contribute to the occurrence of low birth weight and preterm births among African Americans, but not in Dominicans; this might reflect healthier cultural practices among recent Dominican immigrants
  Brauer *et al*., 2008 \[[@CIT0039]\]       Vancouver, British Columbia, Canada   70,249 singleton births (1999--2002)                                                                                                                                      To evaluate the impacts of air pollution on low birth weight and preterm delivery                                                                                 Exposure to all air pollutants except O~3~ was associated with low birth weight. For preterm births, associations were observed with PM2.5 for births\<37 weeks gestation, and for other pollutants at\<30 weeks
  Bell *et al*., 2007 \[[@CIT0040]\]         Massachusetts and Connecticut, USA    358,504 births in Massachusetts and Connecticut (1999--2002)                                                                                                              To investigate maternal exposure to particulate matter with different air pollutants and birth weight                                                             Lower birth weight was associated with exposure in the third trimester for PM10, the first and third trimesters for CO, the first trimester for NO~2~ and SO~2~, and the second and third trimesters for PM2.5. Effect estimates for PM2.5 were higher for infants of black mothers than those of white mothers
  Junger *et al*., 2007 \[[@CIT0041]\]       Rio de Janeiro, Brazil                All live births in 2002                                                                                                                                                   To evaluate the effect of air pollution on low birth weight in full term singleton newborns                                                                       For PM10, CO, and NO~2~, no significant increases were detected. For SO~2~, the OR of the fourth interquartile range of exposure in the third trimester of pregnancy was significant. For O~3~, the estimated OR was not significant. When exposure variable was regarded as a continuous measure, the OR for PM10, CO, and SO~2~ in the third trimester were not significant
  Seo *et al*., 2007 \[[@CIT0042]\]          Seoul, Korea                          All singleton full-term neonates (2002--2003)                                                                                                                             To determine the relationship between maternal exposure to air pollution and low birth weight                                                                     The risk of low birth weight significantly increased in higher levels of CO, NO~2~, SO~2~, and PM10
  Triche *et al*., 2007 \[[@CIT0043]\]       Review                                                                                                                                                                                                          To assess diverse pregnancy outcome from environmental factors                                                                                                    Air pollution, cigarette smoking and pesticide exposure were associated with low birth weight and preterm delivery
  Slama *et al*., 2007 \[[@CIT0044]\]        Munich, Germany                       Women from a birth cohort (LISA-Influences of Lifestyle Related Factors on the Human Immune System and Development of Allergies in Children)                              To characterize the influence of maternal exposure to atmospheric pollutants due to road traffic and urban activities on offspring term birth weight              Increases in PM2.5 levels and PM2.5 absorbance were associated with decreases in term birth weight
  Hansen *et al*., 2007 \[[@CIT0045]\]       Brisbane, Australia                   Singleton full-term births (*n*=26,617)                                                                                                                                   To examine the relation of neonatal birth measures to ambient pollution during pregnancy                                                                          No strong evidence was documented suggesting an association of ambient air pollution during pregnancy and sub-optimal fetal growth
  Dugandzic *et al*., 2006 \[[@CIT0046]\]    Ottawa, Ontario, Canada               Live singleton term births (*n=*74,284) (1988-2000)                                                                                                                       To examine the association between low birth weight among terminfants and ambient air pollution, by trimester of exposure, in a region of lower level exposures   Exposure during the first trimester to relatively low levels of SO~2~ and PM10. Some air pollutants may be associated with a reduction in birth weight in term-born infants
  Rogers *et al*., 2006 \[[@CIT0047]\]       Georgia, USA                          Case-control study of mothers of pretermvery low birth weight infants (*n*=128), mothers of term, appropriate-for-gestational-age infants (*n*=197) (1986-1988)           To examine the association between maternal exposure to particulate matter of\<10 µm and very low birth weight (\< 1500 g) delivery                               Association between maternal exposure to air pollution and low infant birth weight (particularly\<1500 g) is at least partially attributable to an effect on duration of gestation
  Parker *et al*., 2005 \[[@CIT0048]\]       California, USA                       Singleton births delivered at 40 weeks gestation (2000)                                                                                                                   To examine associations between birth weight and air pollution among full-term infants in California                                                              An increased odds of low birth weight and a small difference in mean birth weight between infants with the highest and lowest exposures to PM2.5 but not to CO was found
  Lee *et al*., 2003 \[[@CIT0049]\]          Seoul, Korea                          Singleton neonates                                                                                                                                                        To determine which specific exposure times of specific pollutants during pregnancy contribute to low birth weight                                                 Exposure to CO, PM10, SO~2~ and NO~2~ during early to mid pregnancy contributes to risks for low birth weight
  Maroziene *et al*., 2002 \[[@CIT0050]\]    Kaunas, Lithuania                     All singleton newborns (*n*=3,988) (1998)                                                                                                                                 To evaluate the relationship between ambient air pollution and the occurrence of low birth weight and preterm delivery                                            A relationship between maternal exposure to ambient formaldehyde and the risk of low birth weight, as well as between NO~2~ exposure and the risk of preterm birth is suggested
  Bobak *et al*., 2000 \[[@CIT0051]\]        Czech Republic                        All singleton live births registered by the Czech national birth register in 1991 in 67 districts where at least one pollutant was monitored (*n*=108,173) (1990--1991)   To test the hypothesis that air pollution may increase the risk of adverse birth outcomes                                                                         Intrauterine growth retardation was not associated with any pollutant. The effects on low birth weight and prematurity were marginally stronger for exposures in the first trimester. Low gestational age accounted for the association between SO~2~ and low birth weight
  Wang *et al*., 1*997* \[[@CIT0052]\]       Beijing, China                        Cohort of all pregnant women, first-parity full-term live births (*n*=74,671) (1988-1991)                                                                                 To assess the relationship of maternal exposure to air pollution during periods of pregnancy (entire and specific periods) with birth weight                      Significant exposure-response relationship between maternal exposure to SO~2~ and total suspended particles during the third trimester of pregnancy and an excess risk of low birth weight was documented
  Xu et al., 1995 \[[@CIT0053]\]             Beijing, China                        Cohort of all pregnant women, resident women who gave first live births in 1988 (*n*=25,370)                                                                              To determine the acute effects of air pollution on preterm delivery                                                                                               High levels of total suspended particulates and SO~2~ appear to contribute to excess risk of preterm delivery

###### 

Summary of studies assessing the effects of criteria air pollutants on infant mortality rate

  Reference (1)                              Location (2)                             Population tudied(3)                                                                                                             Aims (4)                                                                                                                                                                                       Findings (5)
  ------------------------------------------ ---------------------------------------- -------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Son *et al*., 2008 \[[@CIT0054]\]          Seoul, Korea                             Firstborn infants in Seoul, Korea, during 1999--2003                                                                             To examine the relationship between air pollution and post-neonatal mortality from all causes using both case-crossover and time-series analyses                                               The risk of post-neonatal infant death from all causes was positively associated with all studied air pollutants except ozone
  Woodruff *et al*., 2008 \[[@CIT0055]\]     U.S. counties with\>250,000 residents    Infants born from 1999 to 2002 (*n*=about 3.5 million births, with 6,639 post-neonatal infant deaths)                            To evaluate the relationship between cause-specific post-neonatal infant mortality and chronic early-life exposure to particulate matter and gaseous air pollutants across the United States   PM10 is a risk factor for respiratory-related post-neonatal mortality and ozone may be associated with sudden infant death syndrome
  Heinrich *et al*., 2007 \[[@CIT0056]\]     Review                                   Studies on the impact of fine particle exposure on infant death, lung function, respiratory symptoms and reproductive outcomes   To review the children\'s susceptibility to ambient fine particles and characteristics of infant and children which underlie their increased susceptibility to PM                              Exposure to PM is strongly and consistently associated with post-neonatal respiratory mortality and less consistently with sudden infant death syndrome
  Hajat *et al*., 2007 \[[@CIT0057]\]        10 major cities of England               Daily time-series data of air pollution and all infant deaths between 1990 and 2000                                              To investigate the effects of outdoor pollution on infant mortality in the UK                                                                                                                  Few associations were observed between infant deaths and most pollutants studied except for SO~2~
  Rinne *et al*., 2007 \[[@CIT0058]\]        Ecuador                                  Eighty households in a rural community                                                                                           To explore the relationship between biomass fuel, infant mortality, and children\'s respiratory symptoms                                                                                       A significant trend for higher infant mortality among households that cooked with a greater proportion of biomass fuel was documented
  Yang *et al*., 2006 \[[@CIT0059]\]         Taipei, Taiwan                           Infant (27 days -- 1 year) mortality data (1994--2000)                                                                           To examine the relationship between air pollution exposure and post-neonatal infant mortality                                                                                                  Air pollutants had a non-significant association with the risk of post-neonatal deaths. This weak association might be because of the subtropical climate of the area under study
  Woodruff *et al*., 2006 \[[@CIT0060]\]     California,USA (*n*=788 infant deaths)   Monitoring data for PM ≤ 2.5 were linked to data of infants born to mothers who lived within 5 miles of a monitor (1999--2000)   To examine the relationship between long-term exposure to fine PM air pollution and post-neonatal infant mortality                                                                             Increase in PM2.5 increased post-neonatal mortality and sudden infant death syndrome
  Romieu *et al*., 2004 \[[@CIT0061]\]       Ciudad Juarez, Mexico                    Infant mortality and ambient PM10 levels on days before death (1997--2001)                                                       To study short-term PM10 exposure, relating to increased respiratory-related infant mortality, and estimated for poor living conditions                                                        Overall air pollutants did not affect infant mortality but low socioeconomic condition increased this risk. Increase in PM10 increased mortality
  Glinianaia *et al*., 2004 \[[@CIT0062]\]   Review                                   Epidemiological studies (15 studies included)                                                                                    Systematic review of an association between particulate air pollution and infant mortality                                                                                                     A strong association of particulate air pollution with some causes of infant death was found
  Lipfert *et al*., 2000 \[[@CIT0063]\]      USA                                      U.S. birth and death records (1990)                                                                                              To explore associations between infant mortality and environmental factors, based on spatial relationships                                                                                     Significantnegative mortality associations were found for SO4(2) without any role for outdoor PM2.5
  Loomis *et al*., 1999 \[[@CIT0064]\]       Mexico City, Mexico                      Infant mortality data (1993-1995)                                                                                                To investigate the association of air pollution and infant mortality by a time-series study                                                                                                    Excess infant mortality was associated with the level of fine particles followed by the levels of nitrogen dioxide and ozone 3 to 5 days before death
  Bobak *et al*., 1992 \[[@CIT0065]\]        Czech Republic                           Infant mortality and air pollution data in 46 of the 85 districts (1986--1988)                                                   To assess the ecological associations of air pollution and infant mortality                                                                                                                    The strongest effects were seen for the level of total suspended particulates (TSP-10) followed by SO~2~ level
  Duchiade *et al*., 1992 \[[@CIT0066]\]     Rio de Janeiro, Brazil                   Civil Register mortality data (1976--1986)                                                                                       To study the associations between socioeconomic, climatic, and air pollution variables and the levels of mortality                                                                             The mortality rates appeared to be associated with the variations of the log of average pollution

###### 

Summary of studies assessing the effects of criteria air pollutants on childhood malignancies

  Reference                                        Location                               Population studied                                                                                                                                                    Aims                                                                                                                                                          Findings
  ------------------------------------------------ -------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Weng *et al*., 2009 \[[@CIT0067]\]               Taiwan                                 A matched case-control study using childhood deaths that occurred in Taiwan from 1996 to 2006                                                                         To investigate the relationship between traffic air pollution exposure and development of leukaemia in children aged\<14 years                                A significant exposure-response relationship was found between the petrol station density (per square kilometre) (PSD) and the risk of childhood leukaemia
  Whitworth *et al*., 2008 \[[@CIT0068]\]          Texas, USA                             Cases of childhood lymphohaematopoietic cancer (*n*=977) (1995--2004)                                                                                                 To assess whether census tracts with the highest benzene or 1,3-butadiene ambient air levels have increased childhood lymphohaematopoietic cancer incidence   High levels of benzene and 1,3-butadiene increased the risk of all leukaemia, which was higher for acute myeloid leukaemia (AML) than for acute lymphocytic leukaemia (ALL). This association was not significant for lymphoma incidence
  Weng *et al*., 2008 \[[@CIT0069]\]                                                      All eligible childhood leukaemia deathsand controls (1995-2005)                                                                                                       To investigate the relationship between petrochemical air pollution and childhood leukaemia                                                                   High levels of petrochemical air pollution significantly increased the risk of developing childhood leukaemia
  Millman *et al*., 2008 \[[@CIT0070]\]            Review of studies conducted in China   Published environmental studies, biomedical and molecular/epidemiologic research, and economic and policy analyses in China                                           To assess the effects of air pollution on children\'s health and development                                                                                  One of the adverse effects of combustion-related air pollution is the increased risk of cancer in children
  Park *et al*., 2008 \[[@CIT0033]\]               Review of studies conducted in Asia    Review of recently published literature about cancer in Asia                                                                                                          To identify important aetiological factors affecting cancer risk in Asian populations                                                                         Environmental exposure to indoor and outdoor air pollution, arsenic, radon, asbestos and second hand smoke was shown to increase cancer risk
  Baker *et al*., 2007 \[[@CIT0071]\]              Meta-analysis                          Meta-analysis combined and statistically analysed studies of childhood leukaemia and nuclear facilities                                                               To investigate whether living near nuclear facilities increased the rate of childhood leukaemia                                                               The meta-analysis was able to show an increase in childhood leukaemia near nuclear facilities, but does not support a hypothesis to explain the excess
  Reynolds *et al*., 2004 \[[@CIT0072]\]           California, USA                        Cancers diagnosed in children aged\<5 years (1988-1997) (*n*=4369 cases and 8730 matched controls)                                                                    To investigate whether traffic-related exposures can increase the risk of childhood cancer                                                                    No increased cancer risk was found among offspring of mothers living in high traffic density areas for all cancer sites or leukaemia
  Raaschou-Nielsen *et al*., 2002 \[[@CIT0073]\]   Denmark                                Danish Cancer Registry data on children (*n*=1,989 cases of leukaemia, tumour of the central nervous system, or malignant lymphoma, and 5,506 controls; 1968--1991)   To investigate the hypothesis that exposure to traffic-related air pollution increases the risk of cancer developing during childhood                         Traffic-related air pollution was not linked to the risk of leukaemia or CNS tumour, but it was linked to the risk of Hodgkin\'s disease

###### 

Summary of studies assessing the effects of criteria air pollutants on oxidative stress and endothelial dysfunction among children and young adults

  Reference                                 Location         Population studied                                                                                                                                                                                                                          Aims                                                                                                                                                                                                                 Findings
  ----------------------------------------- ---------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Oxidative stress**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  Kelishadi *et al*., 2009 \[[@CIT0029]\]   Isfahan, Iran    A population-based sample of children aged 10-18 years (*n=*374)                                                                                                                                                                            To determine the association of air pollution as well as dietary and physical activity habits with markers of inflammation, oxidative stress and insulin resistance                                                  The Pollutant Standard Index (PSI) and the level of fine particulate matter had a significant independent association with all biomarkers studied
  Yang, Omaye, 2009 \[[@CIT0074]\]          Review           Review of studies on air pollution and chronic obstructive pulmonary diseases, cardiovascular diseases, asthma, and cancer                                                                                                                  To provide some insight into the health problems associated with various air pollutants and their relationship in promoting chronic diseases through changes in oxidative stress and modulation of gene expression   By-products of oxidative stress found in air pollutants are common initiators or promoters of the damage produced in chronic diseases
  Chuang *et al*., 2007 \[[@CIT0075]\]      Taipei, Taiwan   Young healthy university students (*n*=76)                                                                                                                                                                                                  To investigate whether biological mechanisms linking air pollution to cardiovascular events occurred concurrently in human subjects exposed to urban air pollutants                                                  Air pollution is associated with inflammation, oxidative stress and blood coagulation in healthy young humans
  **Endothelial dysfunction**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
  Brook, 2008 \[[@CIT0076]\]                Review           Review of studies on air pollution and cardiovascular diseases                                                                                                                                                                              To address the cardiovascular effects of air pollution and related mechanisms                                                                                                                                        Air particle exposure may both trigger acute events as well as prompt the chronic development of cardiovascular diseases. One of the mechanisms is by triggering acute endothelial dysfunction
  Nadadur *et al*., 2008 \[[@CIT0077]\]     USA              Differential gene expression and transcription factor activation profiles in human vascular endothelial cells exposed to a non-cytotoxic dose of fly ash or V following semi-global gene expression profiling of approximately 8000 genes   To explore potential biomarkers for PM-induced endothelial dysfunction                                                                                                                                               Cardiovascular effects associated with exposure to PM may be mediated by perturbations in endothelial cell permeability, membrane integrity, and ultimately endothelial dysfunction

###### 

Summary of studies assessing the effects of criteria air pollutants on vitamin D deficiency in children

  Reference                                       Location            Population studied                                                       Aims                                                                                                                        Findings
  ----------------------------------------------- ------------------- ------------------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------
  Balasubramanian *et al*., 2008 \[[@CIT0078]\]   Review              Studies on vitamin D deficiency during infancy                           Emphasis on the rising incidence of vitamin D deficiency in infancy                                                         Air pollution is an important aetiology of vitamin D deficiency
  Buka *et al*., 2006 \[[@CIT0079]\]              Review              Studies on health hazards of air pollution in children                   To inform paediatricians about the associations between ambient air pollution and adverse health outcomes in children       It highlights the non-respiratory effects of air pollution on children\'s health, one of the important ones being vitamin D deficiency
  Bachrach *et al*., 1979 \[[@CIT0013]\]          Philadelphia, USA   Cases of rickets in children aged 4 to 58 months (*n*=24) (1974--1978)   Case report of an outbreak of vitamin D deficiency rickets in a susceptible population                                      Air pollution was a contributing factor to vitamin D deficiency among these patients
  O\'Riordan, 2006 \[[@CIT0080]\]                 Historical paper    Rickets in the 17^th^ century in the United Kingdom                      To assess whether rickets, which was first documented as a cause of death in London in 1634, was a new disease in England   Air pollution from smoke produced by burning coal caused serious problems at that time, and so it can be suggested that vitamin D deficiency was responsible

Discussion {#S0004}
==========

The findings of this review underscore the importance of paying more attention to different aspects of hazards of air pollution on children\'s health, and not only to the direct effects on the respiratory system. Of special concern are the late-onset effects of air pollution in early life that may contribute to many chronic diseases later in life. Chronic non-communicable diseases are rapidly escalating in low- and middle-income countries \[[@CIT0007]\], and their risk factors have a considerably high prevalence in different age groups even in children and adolescents \[[@CIT0008]--[@CIT0011]\]. The association of dietary and physical activity habits and these risk factors has been documented \[[@CIT0012]--[@CIT0015]\]; however, studies about the relationship of environmental factors, notably air pollution, with risk factors of chronic diseases are scarce in the paediatric age group.

Many studies have documented the effects of criteria air pollutants on low birth weight and or prematurity. The association of intrauterine growth retardation and low birth weight with increased risk of chronic non-communicable diseases such as obesity, hypertension and cardiovascular disease later in life is well documented \[[@CIT0016]\]. In addition, prematurity can be associated with higher risk of such disorders \[[@CIT0017]\]. Until now, most studies have linked maternal malnutrition to low birth weight of their children \[[@CIT0018]\], and its implications for the risk of adult chronic diseases in low-income and middle-income countries have been documented \[[@CIT0019]\].

Furthermore, low socio-economic position in early life is known as a predisposing factor for chronic diseases \[[@CIT0020]\] and mortality \[[@CIT0021]\] in adulthood. Usually improper lifestyle habits and low educational levels have been considered as the underlying process of such associations. We suggest that exposure to air pollutants and its effects on low birth weight and premature birth should be considered as well.

According to World Bank data, "urbanization is progressing much faster in developing countries than in developed countries, and most of the world\'s most populous cities are in developing countries. Many of these cities are in Asian countries with low per capita incomes but big populations. These cities have high concentrations of poor residents and suffer from social and environmental problems including severe air pollution" \[[@CIT0022]\].

Similarly, the low-income and middle-income countries are facing an emerging epidemic of chronic non-communicable diseases in the near future \[[@CIT0007], [@CIT0023]\]. Lifestyle modifications as well as strengthening primary care in the health system have been considered as the main strategies to tackle chronic diseases in low- and middle-income countries \[[@CIT0024]\].

We suggest that environmental protection actions, notably for reducing the emission of criteria air pollutants, should be considered for public health measures taken into account for primordial/primary prevention of chronic diseases, especially in developing countries.

The association between air pollution and chronic diseases may be mediated through systemic inflammatory responses \[[@CIT0003], [@CIT0025]\]. Generation of reactive oxygen species is linked to a variety of environmental factors. The association of air pollution and inflammation/oxidative stress has been demonstrated \[[@CIT0026]--[@CIT0028]\], even among healthy children \[[@CIT0029]\] who might have the early stages of atherosclerosis.

The effects of air pollution on oxidative stress and endothelial dysfunction from early life confirm the necessity of implications of these findings in relation to public health and regulatory policies for prevention and control of adult chronic diseases from childhood.

Similar to cardiovascular diseases, the prevalence of malignancies is rapidly escalating worldwide. Although lifestyle behaviours such as smoking \[[@CIT0030]\], as well as unhealthy dietary and physical activity habits leading to obesity and diabetes, are known as a major contributing factor in this regard \[[@CIT0031]\], air pollution should be considered as another potential risk factor for developing countries \[[@CIT0032]\], especially Asian countries where cancer has become an emerging health threat \[[@CIT0033]\]. This issue is particularly important for children, who are susceptible to short-term and long-term effects of air pollutants.

Facilities should be provided for families to become aware of the quality of the air year round and to check daily air-quality levels and air-pollution forecasts by mass media, local weather reports and other available public information sources. This is especially important for smog levels during hot weather. Protective measures should be taken into account for children and pregnant women to reduce their exposure to air pollutants, e.g. children and pregnant women should avoid congested streets and rush hour traffic, and families should try to limit the amount of time their child spends outdoors in vigorous activity if the air quality is unhealthy.

Conclusions {#S0005}
===========

Air pollution is a global health issue with serious public health implications, particularly for children. Usually respiratory effects of air pollutants are considered, but the importance of other health hazards should also be highlighted. In addition to short-term effects, exposure to criteria air pollutants from early life might have long-term risks principally for chronic non-communicable diseases such as cardiovascular diseases and cancers. In view of the emerging epidemic of chronic disease in low- and middle-income countries, the vicious cycle of rapid urbanization in such communities resulting in increasing levels of air pollution and its consequent effects on chronic diseases, as well as the limited financial resources of these countries for planning effective air pollution control programmes, public health and regulatory policies for air quality protection should be integrated into the main priorities of the primary health care system and into the educational curriculum of health professionals.
